Alzheimer's disease (AD) is a major public health problem, and there is currently no clinically accepted treatment to cure it or to stop its progression. Fibrillar aggregates of the β−amyloid peptide (Aβ) are major constituents of the senile plaques found in the brains of AD patients and have been related to AD neurotoxicity. Here it is shown that nitrophenols prevent aggregation and cause disaggregation of Aβ fibrils and that they strongly prevent the neurotoxicity of Aβ to rat hippocampal neurons in culture. Furthermore, by using an in vivo model system of cerebral amyloid deposition, it is shown that nitrophenols cause a marked reduction in the volume occupied by amyloid deposits in the hippocampi of rats. These results raise the possibility that nitrophenols or their derivatives may be useful lead compounds for the development of drugs to prevent the neurotoxicity and deposition of Aβ in AD.
nonpolymerized Aβ is neurotoxic (reviewed in 7). Nonpolymerized Aβ peptides insert themselves into natural and artificial lipid bilayer membranes and form nonselective cation channels that may trigger cellular death (8) (9) (10) (11) (12) (13) (14) (15) . On the other hand, considerable evidence indicates that fibrillar aggregation of Aβ and amyloid deposition are related to AD neurotoxicity (for example, see [16] [17] [18] . Thus, agents capable of interfering with aggregation might be potentially useful in preventing or diminishing the toxicity of Aβ. In this regard, numerous recent studies have aimed at interfering with amyloid aggregation as a possible route for prevention or treatment of AD. For example, the pineal hormone, melatonin, has been reported to interact with Aβ, inhibiting fibrillogenesis and neurotoxicity (19, 20) . Monoclonal antibodies raised against the N-terminal region of Aβ have been shown to cause fibril disaggregation and inhibition of neurotoxicity (21) (22) (23) . Beta-sheet breaker peptides inhibit amyloid aggregation and prevent neurotoxicity and in vivo cerebral Aβ deposition (24, 25) . Finally, recent studies showed that immunization with Aβ prevented or reduced the development of amyloid deposition in the brains of transgenic mice that express human APP and develop plaque pathology (26) (27) (28) (29) (30) . We now report the effects of nitrophenols on amyloid aggregation, in vitro neurotoxicity, and in vivo deposition in rat brains. The present results indicate that nitrophenols can be useful lead compounds for the design of small molecule inhibitors of β-amyloid toxicity and deposition in AD.
METHODS

Aβ solutions and amyloid aggregation
Synthetic Aβ peptides of different chain-lengths (Bachem Inc., Torrance, Calif.) were freshly dissolved from lyophilized powder in 50% (v/v) trifluoroethanol (TFE) in phosphate-buffered saline (PBS). Aggregation was triggered by dilution of aliquots from the stock solution into PBS (resulting in ≤0.5% residual TFE) and was followed as a function of time by right-angle light scattering measurements. Light scattering was measured in sealed cuvettes at 500 nm on ISS Inc. (Champaign, Ill.) PC1 or Hitachi F-4500 spectrofluorometers. Except as indicated in Figure 1B , all measurements were carried out at 23 o C. Low-temperature experiments were performed by using a thermostated cell holder and by flushing the cell compartment with N 2 to avoid condensation. All results shown represent equilibrium light scattering values obtained for each sample.
Aggregated samples were also examined by transmission electron microscopy. In this case, Aβ (22 µM) was incubated in PBS in the absence or in the presence of nitrophenols, as indicated in Results. After 48 h, samples were stained with 1% uranyl acetate.
Cell culture experiments, immunostaining, and viability assay
Hippocampi from 18-day-old rat embryos were dissected and cultured as previously described (31) with minor modifications. Cells were plated on glass coverslips previously coated with 1.5 µg/ml polyornithine (Sigma, St. Louis, Mo.) in Basal Eagle's Medium (Gibco, Rockville, Md.) enriched with 10% fetal calf serum (Hyclone, Logan, UT) for the first 24 h of culture. After that, proliferation of nonneuronal cells was inhibited with 10 µM arabinosyl cytoside and the serum concentration was lowered to 2%. Aβ 1-42 (44 µM), in the absence or in the presence of nitrophenols, was added after 48 h of culture and kept for 3 days. All Aβ solutions used in cell culture experiments were prepared and kept at all times under sterile conditions. In addition, to further exclude the possibility of bacterial contamination of Aβ preparations, lipopolysaccharide (LPS) levels were determined in aliquots from different preparations by using the QCL 1000 kit (Biowhittaker, Walkersville, Md.). LPS levels in the samples were found to be below the detection limit of the method (<0.06 IU/ml or <12 pg/ml). Control cultures consisting of neurons cultured in growth medium alone or in the presence of residual TFE (0.5% v/v) were also prepared. Daily observations were carried out during this period. The overall morphology of the neurons in culture was examined by immunostaining with an anti-Tau polyclonal antibody (DAKO Corp., Carpinteria, Calif.), as previously described (32) . Briefly, cells were washed twice with fresh medium, fixed with 4% paraformaldehyde, 4% sucrose in PBS, permeabilized with 0.1% Triton X-100, and incubated for 1 h with anti-Tau antibody (1:200 dilution). Staining was performed by incubation with Cy3-conjugated anti-rabbit IgG (Gibco; 1:600 dilution). Fluorescence microscopy was carried out on a Zeiss Axioplan microscope.
Cell viability in cultures incubated with or without Aβ was assessed by trypan blue exclusion. Immediately before counting, the medium was removed, and cultures were washed once with PBS and incubated for 5 min with 0.4% trypan blue. Randomly chosen fields were counted in a Zeiss Televal microscope. Percentages of live neurons are expressed relative to the total number of neurons observed in each field. Five independent fields were counted for each experimental condition (which were carried out in triplicate). Essentially identical results were obtained in a repeat experiment using neurons from another animal.
In vivo cerebral amyloid deposition assay
Male adult Wistar rats (280-320 g) were anesthetized with chloropent (3.3 ml/kg) and placed into a stereotaxic frame. The left hippocampus (standard coordinates: A 5.0; L 2.0; H 6.8) was injected with 3 nmol of Aβ 1−42 (from a previously diluted stock in 55 µl of PBS containing 9% dimethylsulfoxide). A volume of 1.5 µl was administered at a constant flow rate during a 15-min period. The micropipette was left in situ for 15 min after injection, withdrawn 0.2 mm, left for 3 min, and then slowly withdrawn completely. The right hippocampus of each rat received a mixture of Aβ and 2,4-dinitrophenol (DNP; 0.76 mM). In this case, the concentration of DNP was increased so as to maintain approximately the same ratio of Aβ/DNP concentrations used in cell culture experiments. The animals were kept on a heating pad during surgery and until they regained their righting reflex. Animals did not receive further medication and were killed 8 days later. After transcardiac perfusion with saline followed by 4% paraformaldehyde, brains were cryoprotected and frozen-cut into 20-µm-thick coronal sections. Alternate sections were stained with Thioflavine-S (to reveal amyloid plaques) or cresyl violet (for inspection of cytoarchitecture) or were simply dehydrated for autofluorescence examination, which provides another means for visualizing amyloid plaques. Sections were observed by using an epifluorescence microscope (Zeiss Axioplan) and digitized with a CCD camera (Zeiss, ZVS-47EC). Images were analyzed with ScionImage to measure the areas occupied by amyloid aggregates. Thioflavin-stained sections used for cresyl violet staining were interpolated in the image analysis. Total volumes occupied by amyloid deposits were integrated over all sections spanning the deposition region.
RESULTS
Stability of β-amyloid fibrils
We first investigated the stability of fibrillar Aβ towards chaotropic agents and temperature. Aβ peptides of 40 and 42 amino acid residues (Aβ 1-40 and Aβ , respectively) are the main constituents of senile plaques, but other peptides of varying lengths are also present (4, 33) . Previous studies have shown that the kinetics of aggregation of Aβ are sharply dependent on peptide length (34) . In our studies, we have used both full-length Aβ (Aβ 1−42 and Aβ 1−43 ) and the C-terminally truncated Aβ 1-28 peptide. Peptide aggregation was triggered by dilution in PBS and was followed by light-scattering measurements (Fig. 1) , thioflavin T fluorescence (not shown) and electron microscopy (Fig. 2) . Equilibrium light scattering values were used as an index of the extent of aggregation under different experimental conditions. In accordance with previous reports (34) , aggregation of Aβ and Aβ 1-43 was very fast (i.e., complete within a few minutes after dilution in PBS), whereas aggregation of Aβ 1-28 was quite slow (i.e., 10-12 days). We found that the stability of fibrillar Aβ in guanidine hydrochloride (GdnHCl) solutions was markedly dependent on peptide chain length (Fig. 1A) . For Aβ , complete disaggregation was observed at 3 M GdnHCl, whereas full disaggregation of Aβ 1-42 required 5-6 M GdnHCl.
All polar and charged amino acid residues of Aβ are located in the 28 amino acid-long Nterminal portion of the peptide. Residues 29-42 comprise a cluster of nonpolar amino acids contained in a transmembrane sequence of the amyloid precursor protein (35) . Thus, the higher stabilities of Aβ and Aβ 1-43 relative to Aβ (Fig. 1A) suggest that the C-terminal nonpolar amino acid sequence in the former two peptides mediates hydrophobic interactions that are important for fibril stability. Hydrophobic interactions are known to be destabilized by low temperatures, due to the decrease in the entropic contribution to the hydrophobic effect. In line with this, we found that decreasing temperature from 25 o C to 1 o C caused reversible and nearly complete disaggregation of Aβ (Fig. 1B) . Thus, if we extend previous suggestions from the literature (36-39), these results indicate that a significant contribution to the stability of Aβ aggregates comes from entropy-driven hydrophobic interactions and lead to the hypothesis that hydrophobic compounds could be effective in destabilizing and disaggregating amyloid fibrils.
Inhibition of amyloid aggregation by nitrophenols
Based on the results described above, our investigations focused on the effects of a number of hydrophobic compounds on amyloid stability. Our choice of candidate compounds was guided by the following criteria: 1) the compounds should be sufficiently hydrophobic to interfere with key hydrophobic interactions in amyloid fibrils; 2) they should still be sufficiently water-soluble to make their utilization straightforward in in vitro and in vivo assays. In addition, other desirable characteristics included low molecular weight and lack of neurotoxicity at the concentrations required for effective inhibition of amyloid aggregation.
Some of the compounds we tested were nitrophenols. Addition of micromolar concentrations of 2,4-dinitrophenol (DNP) or 3-nitrophenol (NP) caused marked disaggregation of previously formed Aβ fibrils (Fig. 1C) . IC 50 values of approximately 7 µM and 80 µM were found for DNP and NP, respectively. DNP (20 µM) completely abolished light scattering from Aβ suspensions, which indicated complete disaggregation of fibrillar amyloid. Direct demonstration that DNP and NP inhibited the aggregation of fibrillar amyloid was obtained by transmission electron microscopy ( Fig. 2) . Abundant fibrils were observed in control samples of Aβ (Fig. 2A) , whereas samples in which Aβ was added to the medium in the presence of NP or DNP were completely devoid of fibrils and contained only occasional scattered amorphous aggregates (as shown in Figs. 2B and C) .
Nitrophenols block the neurotoxicity of Aβ
The possible protective effects of nitrophenols against Aβ-induced neurotoxicity were investigated. To this end, 48-h primary cultures of E18 rat hippocampal neurons were used (31). Aβ 1−42 (44 µM) was added to the medium and incubation was continued for 72 h. Whereas control hippocampal neurons exhibited large cell bodies and long, branched neurites (Fig. 3A) , significant neuronal degeneration and death was observed after 72 h of culture in the presence of Aβ 1−42 (Fig. 3B) . Large numbers of Aβ-treated neurons became detached from the plate during the immunostaining washes (Fig. 3B) , which suggests that neuronal adhesion was impaired. Furthermore, the remaining cell bodies of Aβ-treated neurons were attached to the plate, but their neurites were retracted and thin and sometimes detached from the plate. When incubation with Aβ was carried out in the presence of NP or DNP, a marked protection against neurotoxicity was observed (Figs. 3C and D, respectively) . In the presence of nitrophenols, neurons treated with Aβ showed large cell bodies and long neurites with good adhesion properties, and the morphological aspect of the cultures was similar to a control 5-day hippocampal culture.
The results obtained in cell culture experiments were quantitated by measuring neuronal survival by trypan blue exclusion and are summarized in Figure 4 . Incubation with Aβ 1−42 caused significant cell death, with only 25% neuronal survival vs. 86% survival in control cultures. Remarkably, addition of nitrophenols to the incubation medium almost completely blocked Aβ-induced cell death (74% and 65% neuronal survival in the presence of Aβ plus DNP or NP, respectively).
In vivo inhibition of amyloid deposition
To evaluate the effects of nitrophenols as inhibitors of amyloid deposition in vivo, we have used a rat model of cerebral Aβ deposition, as previously described (18, 24) . Aβ was injected alone or in the presence of DNP into the left or right hippocampi of rats, respectively, and the areas occupied by amyloid deposits on either side were measured on consecutive sections stained with thioflavin S. The experimental protocol used was designed to minimize the influence of individual variability in animal response by injecting Aβ into one hemisphere and an identical amount of Aβ plus DNP into the other hemisphere for each individual rat. Figure 5A shows representative hippocampal sections stained with thioflavin S or directly visualized by using the autofluorescence of amyloid, as indicated. The total volume occupied by amyloid deposits was integrated by image analysis over all consecutive sections spanning the site of deposition. Figure  5B -E shows results of the integration for four different rats. Coinjection of Aβ and DNP caused a reduction of 86 ± 17% in the volume of amyloid deposits in rat brains relative to the volume occupied when Aβ was injected alone (p = 0.05, n = 4; one-tailed paired t-test).
DISCUSSION
The present results show that nitrophenols inhibit amyloid aggregation and cause disaggregation of previously formed amyloid fibrils. These effects are accompanied by marked protection against Aβ toxicity in primary cultures of hippocampal neurons. Furthermore, microinjection experiments showed that nitrophenols inhibit amyloid deposition in rat brains.
Nitrophenols are small water-soluble compounds, yet are presumably sufficiently hydrophobic to cross the blood-brain barrier and gain access to the CNS. DNP and other nitrophenols are known to be toxic at high concentrations, an effect that may be related to interference with cellular energy metabolism due to uncoupling of oxidative phosphorylation. For rats, the LD 50 values for oral administration of NP and DNP are 933 and 30 mg/kg body weight, respectively (40) . In the 1930s, DNP was used clinically in humans as a treatment for obesity. However, its use was subsequently discontinued due to the occurrence of numerous deleterious side-effects at relatively high dosages (3-5 mg/kg body weight) (41, 42) . Such doses are ca. 35-to 60-fold higher than the IC 50 value reported here for inhibition of Aβ fibril formation by DNP. Furthermore, it is important to note that the nitrophenols by themselves had no detectable toxic effects to neuronal primary cultures at the concentrations used in our studies and that the cytoarchitecture of rat brains (as revealed by staining with cresyl violet) also appeared normal in hemispheres injected with DNP. Finally, it is important to consider that at present there is no effective treatment available for amyloidoses, including Alzheimer's disease, Type II diabetes, and prion-related spongiform encephalopathies. Thus, although clinical use of DNP was discontinued due to its side-effects in the treatment of a relatively benign condition such as obesity, the lack of effective treatments for such devastating diseases as the amyloidoses may justify a reappraisal of the possible clinical use of nitrophenols at lower, subtoxic concentrations. Furthermore, an attractive possibility lies in the use of nitrophenols as lead compounds for the development of small molecule inhibitors of amyloidogenesis active at lower concentrations or with fewer undesirable side-effects.
A structure-based drug design approach has recently been used in the development of drugs that prevent amyloid formation from transthyretin, which is involved in familial amyloid polyneuropathy, amyloid cardiomyopathy, and senile systemic amyloidosis (43) . This finding clearly represents a major advance in the development of anti-amyloidogenic drugs. However, the feasibility of structure-based drug design is evidently dependent on knowledge of the structure of the aggregating species, which is not yet available for Alzheimer's disease. When this condition is met, we may be in a better position to understand how nitrophenols (or their derivatives) interact with Aβ, and the mechanism of inhibition of amyloid formation and neurotoxicity.
In conclusion, we propose that nitrophenols and their derivatives should be explored as possible drug candidates or lead compounds for the development of drugs to prevent amyloid aggregation and neurotoxicity in Alzheimer's disease. 
